The Magnetosphere as a Sink of
lonospheric Plasma

« T.E.Moore, NASA GSFC LEP Code 692, Greenbelt, MD 20771 USA

Outline:

* lonospheric formation, transport,
distribution

« (GeoMagnetopause, Geopause

« Auroral zone and polar cap

« Spatial, Temporal anadiabaticity
« Dipolarizations and Ring Currents
 Improving on cartoons

« Expanding horizons

« Conclusions
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Outflow Basics

* (Mesddearn > (T/Mes)sun! The Auroral Plasma Fountain
- For H*, not O] | |
e Qutflow flux is limited by
CE, friction:
- H*on O, O0"; O*on O
F he ~ 3x108 H cm=s't
F o+ ~3x10° O*cm2st
« Ambipolar E,
- Couples e~ with i*
- Fast e take ions with them
 Type 1, Type 2 Outflows
- e heating, i* heating
- Either suffices -
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lonospheric Structure, Solar Variations
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3D lonospheric Circulation

L _ : _ _ Red/Blue shift rel. to
lonospheric circulation is 3-dimensional  Eathbound observer.

FA motions are variable,
fluxes far exceed escape:

Streamlines thread
entire high lat magnetosphere

Plasmasphere defined
by convection dichotomy:

But, also can be defined
by slow FA velocities

MUST think in terms of the
response of plasma flux tubes

as they circulate 20

Heeliset a. JGR ‘92
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S/C Neutralization Fills Polar Cap “Void”
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Polar Wind Convection

GSM Z [RE]

« High latitude convection observable in the polar cap.

e Polar wind streamlines responsive to IMF Bz
H+ Perpendicular Velocities In GSM X-Z Plane

[R9

Southward IMF Typically

10k
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Northward IMF Typically
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Phase Space Density (s*km®)

GeoMagnetopause Leaks

Chandler et al. 99 JGR

 Reconnection and the
boundary layers
1012 T T '! T T T .[
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High Shear,
High Latitude
Reconnection

Flank Flow

Flank Flow
.

Low Shear, Low Latitude Reconnection



Conceptual Geopause

Geopause

|
Y-Z Sections: Magnetopause : X-Z Section
|

Low Latitude Boundary Laye
(LLBL)

/\

Geosphere

Geosphere

Plasmasphere
Plasmapause

B-B' | X-Y Section
I A | B

Arrows indicate position and orientation of major current systems.
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Case Study: September 24-25, 1998 lonosphere response to
CME-generated interplanetary shock and magnetic cloud

Real Geopause

Apogee pass
before event

Solar wind is
repelled from
magnetosphere
by mirror force

Polar outflows ares
expelled from the =
lonosphere by
mirror force

Plasma transition
from terrestrial to
solar = geopause

!!!!!

Apogee pass
during event

Routinely crossed
by s/c.
2000|06|27 Mooreet al. 99 GRL

TIDE/PSI & TIMAS/ POLAR spacecraft
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Polar Cap Structure and Dynamics

 Fountain effect at ~ 1 RE
altitude: decreasing density, =
downward O+ flow polar cap.
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H y=5.87— oosx(o)_
' r=-0.83

« Polar rain, standing ES

shocks, theta-aurora produce
strong high altitude surges
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Auroral Source Processes

99 SSR

Moore, Lundin et al.

S i—
Lonvection
-- Night

FH = Prictional heating

UWI = Upwelling 1ons B85 = Broadband waves

[C = [on conics LH = Lower hybrid waves

IE = lon beams EM = lon oyelotron waves

AB = Auroral bulk upflow SW = Solitary Kin. Alfvén waves

2000|06)27 ¢ B = Electron beams 4 = Centrifugal acceleration 11



Auroral/Polar lonosphere

B/L plasma (solar wind thermals)

v

10

Geocentric Distance

Circulating Plasma Flux Tubes Are Subject to Many Effects

Solar wind superthermals

B/L Plasma (magnetosheath, plasma sheet)

Plasma sheet and/or trough

/

Sho /
ck 4/ //
_— _— I

v

/

-

LHR heating

E// acceleration

~_  Cyclotron heating
~
—__ Frictional heating
\777,,,,,,7%
N
~

—

Low: Frictional heating, BBLFWSs, Solitary Structures
High: LHW, E//, Centrifugal Acceleration, ES Shocks,

Define High/Low:
Principle from1D
wind theory:

- Energy input
below critical
sonic level
Increases
mass flux.

- Energy input
above the critical
sonic level

» Increases the

Sunlit lonospheric F-Region
Cusp/Cleft

2000|06[27

Dark lonospheric F-Region

Auroral Zone

Streamline tube position (periodic boundary conditions)

Mooreet al ‘99 GM 109

T. E. Moore

Sunlit lonospheric F-Region

vel &or temp

Holzer & Leer, ~81 JGR 12



Maximum lon Species Upward Flux
scaled to 1000 km Altitude (cm™s™)

S
o

Location of auroral outflows: MLT, ILAT

10’

Outflows are an order of magnitude stronger near noon MLT

Outflows extend to low latitudes but peak at cleft dayside latitudes.
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ILAT (deg)

85

75

70[

65

Location of Outflows: IMF Bz

e Qutflows follow the well-known variation of auroral zone
with IMF Bz, at all local times.
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Strength of Outflows: Kp, Solar EUV

e Total Of outflow as fcts. %7 #+8 26.6

of: 200
- Geomagnetic activity Kp
- F10.7 proxy for solar EUV
e Total H+ outflow nearly
iIndependent of these

150

factors i
- F10.7 dependence

negligible
- Kp dependence likely 50

related to energization
o Solar wind influence?

0

Q 2 4 6
Kp

2000|06|27 T. E. Moore After Yau et al. 1985, 1988 15



Strength of Auroral Outflows: IMF Bz

« lonospheric outflow flux does not respond to IMF

variations. (Why not?)

S
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Maximum lon Species Upward Flux
scaled to 1000 km Altitude (cm™s™
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Strength of Auroral Outflows: Pdyn

Outflow responds Outflow strength increases with variations
Strongly to P in the solar wind ram pressure
dyn

den Variability 10" Log(O+Flux) =|§.8+l.02L0g(SDII’) .
best correl. o / a
Sudden Impulses : :
from CMEs

[a—y
=
]
TT

produce dramatic

Gileset al. 99 IAGA

scaled to 1000km altitude (cm™s l)

Maximum lon Species Upward Flux

lonospheric Mass o > H Gl
. . F ® O Giles |
Ejections (>100 x : o 0 o
normal mass) T
- Triangle SymbOIS 00! Hou?l.;_Standard Deviatlion in o
for 24-25 Sep 08. Solar Wind Ram Pressure (nPa)

Sept 24-25 1998 event was a specific example illustrating the correlation
between outflow strength and variations in the solar wind plasma pressure

2000|06|27 T. E. Moore 17



dB sm

FAST Observations 98|09|25
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Pre-S| -- Post-SI

(Pre-SBz)

Comparison
1010F ——
[ Post Sl a7o
102k slope = 1.110 i
[ BE2T4 r= 0960 ]
275 t-test = 5.929
\ Pre Sl
108 i

10 100 .
Peak Poynting Flux (mWW/m®)

What drives Sl-related dayside FAC enhancements?

2000]06)27 T. E. Moore
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{en

lon Spacios Upward Flux
Emn 1 b

Strength of auroral outflows: N vs V

e Qutflow flux is strongly density driven
* Velocity variations tend inverse with flux variations
* Flux enhancements are driven by low altitude heating.

Solar maximum conditions . "
Solar minimum conditions

(cycle 21) (between cycle 22 and 23)
g 10 km/s,
9 w1070 | km/s
O H+ = lﬂ?_
P HE4 3
+ 0++ 2 O
z
E & 10 .
—_ 3
1:'! : III"“I1 I 1”.“.2 3 d “] 1 ||lllll/l |
100 10 10 10 10 B
lon Spacles Density 0.1 1 10 . 10 10r
(cmrd) Density (cm™)
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Centrifugal Acceleration

Particle trajectory categories for
Destiny Of polar TIDE Observations - 1997 May29 to June 11

x ten minute mark

wind outflows HE /,,/f s
10F

Gradual energy € s

INcrease In _;2;:970611 03:45 UT | Escaping: 24 of 102 runs :
polar cap e o wm w e w
Large increase .- |

at neutral sheet & °suwad -

Assumes _‘12 5:970606 13245 UT |  Deep Tail: 34 of 102 runs
mapping of : o 60 80
mean - _
lonospheric e —
convection to _—12;:970529 71 U7 | Mid Tail: ,30 of 102 runs
plasma sheet 0 " o0

2000]06)27 T. E. Moore Chappell et al. 00 JASTP 20



Spatial Anadiabaticity

Particle trajectory simulation for
Spatial scale ~ I TIDE Observations, 1997 June 6 13:45UT
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E .

Mild polar cap dE {/K i 5hours
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Source Groove

« Chaotic - reversible .
« Extreme sensitivity to IC ok
« Structured velocity distributions~ |
e Backtracking problematic ol
Groove Structure in Energy-Phase-Pitch s I
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Temporal Anadiabaticity

e |nductive E,
duration ~ Ty

 Regimes:
- Adiabatic betatron

- M “scattering”

- M increase and
gyrobunching

e Time-reversible

e e analogous
for higher freq

E. XB velocity
2000|06|27

Energy dependent,
tends to bring all to

LOG p/p, =

2

1

0

-1
-2

¢ 360

& 270
[
o
2 180
k-]

> 90

)
-0.5 0.0 0.5

Eo=1 keV
1L “ scattering”
gyrobunching mild bunching weak bunching

Eo=10 keV
L ~ const.

Eo=100 eV
LLincrease
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Dipolarization Injections

t1: Pre-substorm t2: Substorm onset t3: Post-dipolarization

H* flux (cm2s1sr-lkeV-1)

0 4 8

2000|06|27 T. E. Moore Fok et al. 99 JGR
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Ring Current and Substorms

32

10

Decomposition Substorm 1 W/ weak convection
. . . — - Ro £ 12 Re
- Dipolarization g — == R0 <66 Re
. g - substorm |
g 10 ¢ no substorm 1
Dipolarization - — - — e
EC; - =¥ no substorm |
- L=6-12 Re = i
i growth expansion
ConveCtlon ”]‘3” — Lo L L | L Lo
_ " Substorm2 W/ strong convection
- L=6-12Re - [ Ro < 12 Re —
:-; L — == Ro € 6.6 Re no substorm 2
Both together < P i
; 510t L /
L <6.6 5 -
- - . : N N N NN NN BN N o g g e e — r -
Neither sufficient z s
2 .
al one. I growth expansion
|[]l'w||||||||||||||||||||||||||||||||||
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O* In MHD Substorm Fields

Fedder-Slinker MHD 0
: g s '
fields 2 (,\ .
Dipolarization in few 5 P DT

. 0 20 40 - 60' 20 100 120
m|nUteS I'ime (minute)
First to go

anadiabatic: O*

Large moment &
energy gains

Gyrobunching
Bounce bunching

Initial energies
become irrelevant

OF fur foau e el W)
T o
BT s OkeV
P
R 2 2
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Improving on Cartoons: Simulations

» Self-consistent,
physical picture with
solar wind driving.

* Frighteningly detailed
dynamics

* |s the simulated tall
realistic? [see movie]

 How do ionospheric
outflows fit into the
picture?

o Must run with/without
lonospheric source?

2000|06|27 T. E. Moore 27



Problem with Global Simulations

Magnetic Field Lines colored with Energy Conversion {J dot E}

* Big problem with simulations 21200
- No explicit ionospheric plasma, but Maynard AGU SMO00
- Plasma added to reduce JxB ISM, By>0

acceleration (Alfven speed) explicitly or
per Boris [1971] to resolve Alfven
waves in an “empty” magnetosphere

* Problem more significant than it seems

- lonospheric energy dissipation
assumed to be electrodynamic across
inner boundary, but see figures =>

- Evidence of “Boris” plasma presence?

e Simulation results are misleading

- “Boris” plasma unassessed, could be
similar to mean ionospheric outflow.

- Can MHD simulations work without
internal plasma addition?

- IME’s will alter system wave dynamics
- Can Mercury be simulated?

fipby_2h12m: NASA By +5 to -5 at 2 hours Drawr on Wed May 24 16:02:37 2000

Magnetic Field Lines colored with Energy Conversion (J dot E)
2:28:00

Maynard AGU SMOO
|ISM, By<0

2000'06'27 T ] E M oore fipby_2hesm: NASA By +5 to -5 &t 2 haurs Drewn on Wed May 24 16.04:02 2000



The Computed Geopause

 Compute the geopause [Winglee, GRL 1998,...]
« Explicit ionospheric fluid(s) and parallel transport

e Clarification of IMF effects:
Northward (5 nT) IMF Southward (-5 nT) IMF

J | M »)

(a) (e)

a

Cross-Tail .
View -

2000]06)27 T. E. Moore 29




Exploring space (other magnetospheres)

 Mercury: 4
- For lack of an |

lonosphere or other
internal source

o Jupiter:

- For lack of a solar ] (
wind interaction £ ( | E Acceleration region

Magnetopause

(rotation dominated)

 Mars or Venus: ™
- For lack of a magnetic |
field ]
3]

¢ Saturn, Uranus ' Brandt et al. 99 thesis
- Signif’ satellite, 4

lonospheric sources 2 1 o a2 3 4 5 8

2000]06)27 T. E. Moore 30



 Geomagnetic Reversals

e Solar Wind Variations

Iagnetesheath

Vastly reduced dipole moment.

Reconnection in unmagnetized
planets, comets.

Diffuse vs. concentrated
exposure to solar wind

Limits to escape in solar wind
capacity

Magnet ctail
Salar Wind

Draped IMF

FWO Orbit

Early solar wind, T-tauri phase SEC Roadmap, C T Russell
Solar variability and geospace

2000]06)27 T. E. Moore 31



Conclusions

Observations led " TheAuroral Plasma Fountain
Must now simulate -
Test against reality

Reality must include:

- The 3D ionosphere

- Causes of outflow

- Morphology of outflow

- Variations of outflow

- Conseguences of outflow

- Outflow on extended time
and spatial scales

e Talk this pm on impact

on storms, ring current
2000|06|27 T. E. Moore Mooreet al. 96 GRL 32




